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ABSTRACT 
 
40Ar/39Ar single-grain total-fusion ages of muscovite and biotite and one 40Ar/39Ar 
furnace step-heating age of hornblende from the Tadmuck Brook Schist, 
Nashoba Formation, and Ball Hill mylonite zone are used to reconstruct the late 
tectonic and metamorphic history of the Nashoba terrane in eastern 
Massachusetts. The data fall into three age populations. Age population I (~376-
330 Ma) is interpreted as cooling after a m igmatization event in the Nashoba 
terrane, population II (~300 Ma) may be associated with normal movement on 
the Clinton-Newbury fault, and population III (~267 Ma) is possibly related to 
cooling of the Rocky Pond Granite. No younger Alleghanian overprint was 
observed.
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Chapter 1. INTRODUCTION 
 
A. INTRODUCTION TO THE APPALACHIANS 
 
The Appalachian Mountain Belt stretches from Newfoundland in Canada 
southwestward to Alabama in the United States. This mountain belt resulted from 
five major orogenic events during the Paleozoic. These orogenic events, the 
Taconic (Ordovician), Salinic (Silurian), Acadian (Devonian), Neo-Acadian 
(Mississippian) and A lleghanian (Pennsylvanian-Permian) are all believed to 
have been the result of unique terrane accretions (Hatcher, 2010; Rankin, 1994; 
Robinson et al., 1998; van Staal et al., 2009; Zagorevski et al., 2007). It is 
important to note the tectonic and metamorphic implications of these collisions 
are not uniform throughout the Appalachians. Thus, some areas show complex 
polymetamorphic and polydeformational histories, while others only record a 
single accretionary event. 
 
B. TECTONIC HISTORY OF MASSACHUSETTS 
 
During the Taconic orogeny in southeast New England, the passive margin of 
Laurentia was subducted under a magmatic arc, resulting in accretion of the arc 
to Laurentia (Fig. 1.1). Today this arc, Shelburne Falls Arc (Fig. 1.1), is found in 
Vermont, western Massachusetts, and Connecticut (Karabinos et al., 1998).  
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“Ganderia” has been used to describe the peri-Gondwanan terranes that 
accreted onto Laurentia after the peri-Laurentian terranes and before Avalon 
(van Staal et al., 2009). Recent studies have suggested that the Nashoba and 
Merrimack terranes were both part of Ganderia (Fig. 1.1; Kay et al., 2011; Loan, 
2011; Sorota et al., 2012). The Salinic orogeny is characterized by the accretion 
of Ganderia onto Laurentia during the Silurian (Fig. 1.1; Fig. 1.2). Deposition of 
the units analyzed in this study also occurred during this time period (Loan, 
2011).  
Next, the Acadian orogeny occurred during the Devonian, when Avalon 
collided with and accreted onto Laurentia (Fig. 1.2). This was a per iod of 
migmatization and sillimanite-grade metamorphism in the Nashoba terrane. 
In central Massachusetts, the Neo-Acadian orogeny was a period of intense 
metamorphism up to granulite facies with associated magmatism and severe 
deformation. The Meguma terrane accreted in the northern Appalachians at this 
time (Hibbard et al., 2007; van Staal et al., 2009). However, accretion does not 
seem to be a c ause of deformation in Massachusetts because Avalon, the 
easternmost terrane in the field area, remains relatively undeformed (Markwort, 
2007). The deformation that occurred in the Nashoba terrane at this time may be 
related to post-amalgamation motion among the Merrimack, Nashoba, and 
Avalon terranes (Markwort, 2007). 
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The Alleghanian orogeny is related to the collision of Laurentia with Africa. 
The orogeny caused metamorphism, deformation, and magmatism in gneiss 
domes, such as the Pelham and Willimantic Domes in western Massachusetts 
and eastern Connecticut, respectively (Fig. 1.1; Moecher, 1999). In the southern 
Appalachians, structural reworking and metamorphism from the Alleghanian 
orogeny is common. Alleghanian overprinting is not as pronounced in southern 
New England, but is observed in the Avalon terrane and western Massachusetts, 
and weakly in the Nashoba terrane (Wintsch, 1992; Wintsch et al., 2003; Wintsch 
et al., 2010; Zartman et al., 1970). At present, it is unclear what effect the 
Alleghanian orogeny had on the Nashoba terrane (Wintsch et al., 2003), a 
question this study sought to answer. 
 
 
C. LOCATION OF STUDY AREA 
 
  
 The investigation encompassed a r egion approximately 8km x 40km in 
eastern Massachusetts (red box in Fig. 1.3), northwest of Boston. This study is 
focused mainly on the Nashoba terrane (see Chapter 2). The area included parts 
of the towns of Marlborough, Berlin, Boylston, Harvard, and Littleton. The study 
area is bounded to the northwest by the Clinton-Newbury fault (CNFZ in Fig. 1.3). 
 
D. PURPOSE 
 
Multiple studies have documented the presence of Carboniferous and 
younger geochronological overprinting in southern New England, which they 
6 
 
have attributed to the Alleghanian orogeny (Wintsch, 1992; Wintsch et al., 2003; 
Wintsch et al., 2010). However, it has been suggested that the effect of the 
Alleghanian orogeny in Massachusetts was largely limited to the Avalon terrane, 
with little apparent overprinting in the Nashoba terrane (Wintsch et al., 2003). 
The purpose of this study was to determine (1) the age and nature of the 
youngest metamorphic and d eformation events affecting the Nashoba terrane 
and (2) if these events were related to the Alleghanian orogeny.  
The 40Ar/39Ar technique was used to date samples because it is useful for 
dating overprinted, low-temperature (<350 °C) metamorphic events (Hames et 
al., 1991; Murphy and Collins, 2008; see Chapter 3 for background on 40Ar/39Ar 
geochronology). Samples were collected along the western boundary of the 
Nashoba terrane, and include the Nashoba Formation, Tadmuck Brook Schist, 
and Ball Hill mylonite. These units/formations were chosen because: (1) they 
contain abundant K-bearing minerals, such as biotite, muscovite, and 
hornblende, all of which may be dated using the 40Ar/39Ar method, (2) the 
minerals to be dated were large enough to separate from the matrix, and (3) the 
units/ formations were originally believed to be un affected by late, discrete 
igneous activity. 
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Chapter 2. PREVIOUS WORK 
 
A. TERRANES IN EASTERN MASSACHUSETTS 
 
I. Introduction to terranes 
  
Terranes are discrete crustal blocks or fragments that may become 
attached to a c ontinent as a r esult of a collision. The northern Appalachian 
Mountains are a r esult of at least three unique terrane accretions or 
agglomerations: Ganderia (Salinic Orogeny), Avalonia (Acadian Orogeny), and 
Meguma (Neo-Acadian Orogeny) (Fig. 1.2; Hatcher, 2010; Rankin, 1994; 
Robinson et al., 1998; van Staal et al., 2009; Zagorevski et al., 2007). There are 
three terranes in eastern Massachusetts. From east to west they are the Avalon, 
Nashoba, and Merrimack terranes (Fig. 1.3).  Each of these terranes is described 
below. 
 
II. Avalon terrane 
  
There are three basins within the Avalon terrane of southeast New 
England that mostly consist of sedimentary and m etasedimentary rocks: (1) 
Boston Basin (late Proterozoic-early Paleozoic), (2) Norfolk Basin 
(Carboniferous) and (3) Narragansett Basin (Carboniferous) (Fig. 1.1; Bell and 
Alvord, 1976; Hepburn et al., 1987a). The Avalon terrane was intruded by late 
Proterozoic plutons and alkalic to peralkaline mid-Paleozoic to Carboniferous 
plutons and v olcanic rocks (Hepburn et al., 1993; Zartman and Naylor, 1984). 
The late Proterozoic plutons were mostly arc derived (Goldsmith, 1991). 
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In eastern Massachusetts, the Avalon terrane is weakly metamorphosed 
and seems unaffected by the Acadian orogeny (Rast and Skehan, 1993).  Avalon 
experienced upper greenschist facies metamorphism (Grimes and Skehan, 
1995), much lower than that experienced by the Nashoba terrane.  
The western border of the Avalon terrane (Fig. 1.3) is defined by the 
Bloody Bluff-Lake Char-Honey Hill fault system, an array of mylonitic shear 
zones and brittle faults. This fault system forms the boundary between the 
Avalon and Nashoba terranes. 
 
III. Merrimack terrane 
 
 The Merrimack belt (Zen et al., 1983; Fig. 1.3) is believed to correlate with 
the Gander terrane of Newfoundland and extends from south-central Connecticut 
to the Gulf of Maine (Wintsch et al., 2007). The eastern portion of the belt, part of 
the study area, consists of a thick sequence of metasedimentary rocks including 
impure quartzites, metapelites, and calcareous metasiltstones of Ordovician to 
Devonian age (Sorota et al., 2011; Wintsch et al., 2007; Zen et al., 1983).  
The Merrimack terrane was multiply deformed and metamorphosed during 
the Acadian orogeny (Osberg et al., 1989). The metasedimentary rocks have 
been metamorphosed to greenschist facies in the east (in the study area) and to 
amphibolite facies along the western boundary of the terrane (Zen et al., 1983).  
They were later intruded by middle to late Paleozoic granites, diorites, and 
tonalities (Robinson and Goldsmith, 1991). The terrane is bounded to the east by 
the Clinton-Newbury fault. 
10 
 
Sorota et al. (2011) dated detrital zircons from the Merrimack terrane in 
Massachusetts and southeast New Hampshire and determined that deposition 
occurred between the mid-Silurian and early-Devonian. Similar ages of 
deposition were found by Wintsch et al. (2007) in a study of detrital, metamorphic 
and magmatic zircons and metamorphic monazite and t itanite from the 
Merrimack terrane in Connecticut and Maine. The timing of sedimentation 
suggests that much of the detritus was generated during the Salinic orogeny 
(Sorota et al., 2011). 
 
 
IV. Nashoba terrane 
 
The Nashoba terrane (Fig. 1.3; Fig 2.1) is bounded by the Bloody Bluff 
fault to the east and by the Clinton-Newbury fault to the west. In Massachusetts 
the Clinton-Newbury fault can be traced from Newburyport, along the northeast 
coast, to Oxford, near the Connecticut border. Past studies have suggested the 
Clinton-Newbury fault experienced a l ate, normal west-down movement 
(Goldstein, 1994).  
The Nashoba terrane is composed of Cambrian to Ordovician arc-related 
rocks (Hepburn et al., 1995; Loan, 2011; Walsh and Wintsch, 2011). No 
lithologies can be correlated across the terrane bounding faults. There are major 
faults and shear zones throughout the terrane, suggesting that it represents a 
tectonic assemblage and not an original stratigraphic sequence (Hepburn et al., 
1995; Zen et al., 1983). The formations and units that make up the Nashoba 
11 
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terrane include the Marlboro Formation, Fish Brook Gneiss, Nashoba Formation, 
Shawsheen Gneiss, and Tadmuck Brook Schist. 
The Marlboro Formation (Fig. 2.1) is located in the southeastern part of 
the terrane. This formation is composed of biotite-hornblende quartzofeldspathic 
gneisses and a mphibolites (Goldsmith, 1991), the latter are thought to have 
mafic volcanic protoliths (Hepburn et al., 1995). The Grafton Gneiss cross-cuts 
the Marlboro Formation and has a SHRIMP U-Pb age of 515 ± 4 M a, 
constraining the age of the Marlboro Formation to Early Cambrian or older 
(Walsh et al., 2009). Sm/Nd geochemistry suggests the Marlboro Formation had 
an ocean island arc/back arc origin (Kay et al., 2009). 
The Fish Brook Gneiss (Fig. 2.1) has been mapped as an orthogneiss 
(Bell and Alvord, 1976; Zen et al., 1983) and incorporates material originating 
from an older continental source of unknown origin (Kay et al., 2009). Sm/Nd 
values suggest the Nashoba terrane may have formed on the edge of a 
continent, Ganderia (Kay et al., 2011). The Fish Brook Gneiss has a U/Pb zircon 
date of 499 +6/-3 Ma (Hepburn et al., 1995).  A U-Pb monazite age from the Fish 
Brook Gneiss of 425 ± 3 Ma (Hepburn et al., 1995) is interpreted as 
metamorphic. 
The Nashoba Formation (Fig.2.1) is a t hick deposit of metasedimentary 
rocks located in the northwestern part of the Nashoba terrane. The Tadmuck 
Brook Schist (Fig. 2.1) is a rusty, sulfidic schist located in the footwall of the 
13 
 
Clinton-Newbury fault (Goldstein, 1994). The Nashoba Formation and Tadmuck 
Brook Schist will be discussed further in Section B of this chapter.  
 
V. Rocky Pond Slice 
The Rocky Pond Slice is a complex, fault-bounded tectonic slice (Fig. 2.1) 
separated from the Nashoba terrane by the Rattlesnake Hill fault. The fault 
exhibits structural evidence for west-side-down normal motion with possible 
earlier deformation (Markwort, 2007).  
The origin of the Rocky Pond Slice is unclear. It may be an upthrust block 
of the Nashoba terrane caught in the Clinton-Newbury fault zone (Goldsmith, 
1991; Munn, 1987) or a par t of the low-grade Merrimack terrane (Markwort, 
2007).  Similar to the Nashoba terrane, parts of the slice experienced amphibolite 
facies metamorphism (Munn, 1987). The Rocky Pond Slice is composed of 
schists intruded by the unfoliated Rocky Pond Granite (Markwort, 2007).  T he 
Rocky Pond Granite is peraluminous (S-type), based on an abundance of 
muscovite, tourmaline and g arnet, and it likely formed from the melting of 
sediments (Markwort, 2007; Munn, 1987). The granite is medium-grained to 
pegmatitic. Several δ-porphyroclasts and an asymmetric extensional shear band 
fabric observed in a Rocky Pond Granite thin section also indicate a northwest-
side-down motion (Markwort, 2007).  
Zartman and Naylor (1984) attempted to date the Rocky Pond Granite 
using the Rb-Sr whole rock isochron method. They were unable to obtain an 
14 
 
acceptable isochron, and believe this was due to a post-crystallization event that 
disturbed the system, resulting in a partial homogenization of strontium isotopes.  
 
B. UNITS/FORMATIONS STUDIED 
I. Nashoba Formation 
 
 The Nashoba Formation is bounded to the west by the Ball Hill fault in the 
southern part of the study area (Fig. 2.1).  Protoliths of the Nashoba Formation 
include volcanoclastic sediments and mafic volcanics interbedded with 
feldspathic sandstones. These have been polymetamorphosed and multiply 
deformed under sillimanite and sillimanite-K-feldspar zone metamorphic 
conditions to amphibolites, schists, and gneisses (Bell and Alvord, 1976; 
Goldsmith, 1991).  
Amphibolites are found throughout the Nashoba terrane in beds up to a 
few meters thick in the Nashoba Formation (Bober, 1990). One amphibolite unit 
of the Nashoba Formation from Route 2 i n Littleton, MA was analyzed for this 
study (See Chapter 4). 
  Schists found within the Nashoba Formation tend to be orange to dark 
brown in color and are fine- to medium-grained.  The schists tend to be in beds 
much thicker than those of the amphibolites, reaching thicknesses of tens of 
meters (Bober, 1990). The Nashoba Formation has a maximum deposition age 
of ~465 Ma (Loan, 2011).  
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II. Tadmuck Brook Schist 
 
The Tadmuck Brook Schist (TBS) was named by Bell and Alvord (1976) 
and is located on the eastern side, in the footwall, of the Clinton-Newbury fault 
(Goldstein, 1994). It is a rusty-weathered sulfidic pelitic phyllite to schist that has 
been multiply metamorphosed and deformed. A detrital zircon U/Pb age of 450-
440 Ma places the deposition of the TBS in the late Ordovician to early Silurian 
(Loan, 2011). 
The TBS is divided into three members of increasing metamorphic grade: 
northwest, center, and southeast (Jerden, 1997). The isograds in the TBS 
parallel the main foliation of the unit. In the northwest, bordering the Merrimack 
terrane, the highest-grade metamorphism seen is andalusite-grade (Jerden, 
1997). The same maximum metamorphic grade is visible in the central unit, 
where the member is more schistose. The TBS eventually reaches sillimanite-
grade metamorphism in the southeast, bordering the Nashoba Formation. The 
decrease in metamorphic grade moving northwest across the unit is not 
representative of a s imple metamorphic grade derived from one metamorphic 
event. Instead, the unit contains evidence of at least four distinct metamorphic 
events and three deformation events (Jerden, 1997). It is important to note that 
not all of the events are recorded by all three members of the TBS. 
There has been previous disagreement as to whether the TBS is in the 
easternmost part of the Merrimack terrane or the westernmost part of the 
Nashoba terrane. Because the TBS seems to have a conformable relationship 
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with the Vaughn Hills Quartzite, a member of the Merrimack terrane (Bell and 
Alvord, 1976), the TBS has been mapped as the eastern-most ~900 meters of 
the Merrimack terrane (Goldsmith, 1991; Markwort, 2007). However, recent U/Pb 
detrital zircon dating has shown that the TBS has zircon populations more similar 
to the Nashoba Formation than the Merrimack terrane (Fig. 2.2; Loan, 2011). 
Therefore, this study assumes that the TBS is part of the Nashoba terrane. 
 
III. Ball Hill Mylonite Zone 
 
The Ball Hill mylonite zone is located on the Ball Hill fault, which is 
approximately 25 km long and may merge with the Clinton-Newbury fault north of 
the study area (Castle et al., 1976). The Ball Hill m ylonite has an igneous 
protolith age of 438 Ma and is exposed along Smith Rd. in Northborough, MA. 
The mylonite is 10-20 meters wide and v aries from mylonitic to ultramylonitic 
(Markwort, 2007). Counter-clockwise rotated porphyroclasts indicate a sinistral 
shear sense (Markwort, 2007).  
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C. AGES OF METAMORPHISM  
 
Stroud et al. (2009) discerned three metamorphic events in the Nashoba 
terrane by dating monazite in mylonites from the Assabet River fault, Sulfur Hill 
shear zone, and Ball Hill mylonite zone (Fig. 2.1). Ages of metamorphism are 
~435-400 Ma, ~400-385 Ma, and ~385-360 Ma. M1 (~435-400 Ma) was related to 
a thermal event because there is no ev idence to support deformation during 
monazite growth at this time. M1 may have had a peak temperature of 600 ± 50 
°C (Bober, 1990). M2 (~400-385 Ma) is interpreted to be related to widespread 
migmatization in the Nashoba terrane, especially in the Nashoba Formation 
(Stroud et al., 2009). A monazite date of  395 ± 2 Ma from a Nashoba Formation 
migmatite is in agreement with this age range (Hepburn et al., 1995). M2 had a 
peak temperature of 600 ± 50 °C and a peak pressure of 4.4 ± 0.5 kbar (Bober, 
1990). The youngest age of metamorphism (~385-360 Ma) is related to 
deformation in the Nashoba terrane (Stroud et al., 2009), and may have been 
caused by post-amalgamation motion in the Merrimack, Nashoba, and A valon 
terranes (Markwort, 2007). Active ductile deformation and shearing in the 
Nashoba terrane occurred at this time (~376 Ma; Markwort, 2007). Discrete fault 
reactivation, hydrothermal reactions, and metamorphism occurred from 360-305 
Ma (Stroud et al., 2009).  
Hepburn et al. (1987b) calculated a 40Ar/39Ar plateau age for biotite from 
the Straw Hollow Diorite at 308 Ma. Thus, by mid-Pennsylvanian the Straw 
Hollow Diorite must have cooled to ~300 ºC (McDougall and H arrison, 1999). 
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The cooling age seems to suggest that the Nashoba terrane was not affected by 
an Alleghanian (Permian aged) thermal event significant enough to cause argon 
loss from biotite. 
K-Ar ages from mica and hornblende revealed a resetting of ages in New 
England in the Permian (Zartman et al., 1970). K-Ar ages are not as reliable as 
step-heating 40Ar/39Ar because excess argon or argon loss cannot be identified in 
this method (See Chapter 3). However, these dates have been supported by 
more recent 40Ar/39Ar plateau ages from samples collected in south-central 
Connecticut (hornblende: 258 Ma) and southern Rhode Island (biotite: 243 Ma) 
that yielded similar ages (Wintsch and Sutter, 1986).  
Ages from Zartman (1970) were plotted using ESRI GIS and da ta was 
interpolated to create an age gradient map of southern New England (Fig. 2.3) 
An area of Permian ages is visible stretching through eastern Connecticut and 
Rhode Island, central Massachusetts, southeastern New Hampshire, and 
western Maine (Dashed line; Fig. 2.3). Zartman et al. (1970) hypothesized that 
these dates could be explained by one of the following: (1) contact 
metamorphism related to contemporaneous emplacement of igneous plutons, (2) 
alteration associated with major faulting, (3) regional metamorphism in the late 
Paleozoic, or (4) burial followed by uplift and erosion. These hypotheses were 
tested in this study. 
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Chapter 3. METHODOLOGY 
 
A. 40Ar/39Ar GEOCHRONOLOGY BACKGROUND 
 
The 40Ar/39Ar geochronometer is based on the 40K/40Ar decay system. 40K has 
a dual mode of decay to 40Ar by electron capture and 40Ca by β-decay. It is not 
possible to use 40Ca for geochronology since it is the most common isotope of 
calcium. 40Ar is a m uch less abundant isotope of argon, so it works well as a 
geochronometer (McDougall and Harrison, 1999). 
The 40Ar*/39ArK (* = radiogenic) ratio is proportional to 40Ar*/40K, because 
39Ar is generated from 39K during irradiation and 40K/39K is essentially constant in 
nature. The 40K/39K ratio is assumed to be constant because (1) 39K is a s table 
isotope, and (2) since 40K has a half-life of 1.250 x 109 years, it will not decay 
substantially during the “human timescale” (McDougall and H arrison, 1999). 
Therefore, 39Ar generated from 39K is proportional to the 40K present in the 
sample. This means that samples can be dated by measuring a r atio of 
40Ar*/39ArK instead of measuring concentrations of 40K and 40Ar separately.  
39Ar is generated by irradiating a s ample in a nuc lear reactor. During 
irradiation a neutron interacts with the 39K nucleus, which is then transmuted to 
39Ar. During this process a proton is emitted. Following the irradiation process the 
ratio of 40Ar to 39Ar (that replaces the ratio of D to N in Eq.3.1) is measured. 
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I. Age equation 
The age of a sample depends on its decay constant, λ (i.e. how quickly 
the parent isotope decays to the daughter isotope), the concentration of the 
parent isotope (N), and the concentration of the daughter isotope (D), following 
the basic age equation: 
 
This equation (Eq. 3.1) can be applied to any radiogenic decay system with 
the appropriate modifications.  
 
II. Irradiation 
When a sample is in the nuclear reactor it receives an unknown amount of 
integrated neutron flux or fluence, meaning the amount of 39K that is transformed 
into 39Ar while the sample is being irradiated is unknown. In order to determine 
the amount of fluence that a sample receives, a standard with a precisely known 
40K/40Ar age, known as a monitor mineral (see section below) is irradiated along 
with the sample. This will allow for the amount of fluence, known as the J-value, 
to be calculated (Eq. 3.2).  
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Since irradiation is required to prepare samples for 40Ar/39Ar analysis, the 
irradiation parameter, J (Eq. 3.2), must be accounted for in the age equation. 
Given this factor, the basic age equation for the 40Ar/39Ar geochronometer is: 
 
 
 
 
Two monitor samples were used for this project: the McClure Mountain 
Syenite Hornblende (Renne et al., 1998; Samson and Alexander, 1987; Schoene 
and Bowring, 2006; Spell and McDougall, 2003) and the Fish Canyon sanidine 
(Jourdan and Renne, 2007).  
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III. Dating methods 
 
Two techniques were used for the extraction of argon gas from mineral 
samples in this study. One sample was dated using resistance furnace step-
heating and the remaining samples were dated using the single-grain total-fusion 
method. The argon gas was analyzed on a MAP 215-50 Mass Spectrometer at 
MIT. Interpretations of data are explained in the section “Data Interpretation” 
below. 
 
 
Resistance Furnace Step-heating 
The resistance-furnace has excellent temperature control and it releases 
the argon gas slowly over 10-20 steps of successively increasing temperatures. 
This method provides information relating to the spatial distribution of radiogenic 
argon in a sample since the release of argon is controlled by diffusion and, 
therefore, argon from the margins of minerals is released before argon from the 
cores. In hornblende, the only mineral in this study dated with this method due to 
inconclusive total-fusion results, excess argon tends to be s ituated at the grain 
margins and would be released in the first few increments of the step-heating 
process (McDougall and H arrison, 1999). Figure 3.1 shows an ex ample of a 
step-heating spectrum which demonstrates excess argon uptake (entirely at the 
grain margins) that has been superimposed on a s mall amount of radiogenic 
argon loss as well as a well-defined plateau (>90% Cumulative %39Ar released; 
McDougall and Harrison, 1999).  The graphs that result from step-heating makes  
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it easier to identify samples that contain excess or lost argon (see “Data 
Interpretation” section below; McDougall and Harrison, 1999).  
There are a few potential problems with this method: (1) If the entire 
sample has experienced partial argon loss than the reported age will be 
meaningless. (2) If the resolution of the analysis is too low (i.e. argon gas is 
released with fewer steps with larger increases in temperature between each 
step) then the excess argon gradient would be obscured since excess argon is 
usually situated entirely at the grain margins in hornblende. (3) The resistance 
furnace requires a l arger quantity of sample than single-grain total fusion. The 
furnace at MIT requires a sample of at least 1 mg. 
 
 
 
Single-grain total-fusion 
 
The single-grain total-fusion method is used if it is possible that more than 
one generation of mineral growth exists in a sample since it is a less expensive 
method and allows for more grains to be analyzed. This method utilizes a UV-
laser to completely fuse the 1-3 grains that have been placed in a hole of the 
planchette. All of the argon gas is released and measured in one step, instead of 
incrementally over 10-30 steps as is usual in step-heating. The graphs from 
single-grain total fusion dating only provide one age, or one step, per aliquot hole 
instead of an en tire spectrum. This method can discern if excess argon was 
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present in some of the grains by analyzing the inverse isochron that is 
constructed from the multiple analyses (see Inverse Isochron Graphs, below). 
 
IV. Data Interpretation 
 
 
Closure temperature 
40Ar/39Ar dates generally represent the time that a mineral cools through 
its argon closure temperature (TC), as opposed to the peak of metamorphism, 
which means that the argon exchange with the environment has ceased. 
However, micas that form below their argon closure temperature would date 
mineral growth and the event that created them (Dodson, 1974; McDougall and 
Harrison, 1999). In this study, the only mineral that possibly could have grown 
below its closure temperature is muscovite. Muscovite can grow in conditions as 
low as the greenschist facies and has a c losure temperature of 350 ± 50 ºC 
(McDougall and Harrison, 1999).  In metamorphic rocks, biotite typically reflects 
the time since cooling below a t emperature of 300-350 ºC (McDougall and 
Harrison, 1999). Biotite will only date mineral growth/crystallization in the case of 
rapidly cooled igneous rocks (McDougall and H arrison, 1999). The closure 
temperature for hornblende is 500 ºC (McDougall and Harrison, 1999), which is 
below the minimum temperature of amphibolite facies rocks (~525-550 ºC).   
 
 
 
 
 
28 
 
 
Inverse isochron graphs 
Most data (single-grain total-fusion measurements) for this study will be 
presented in the inverse isochron format. Each data point on an inverse isochron 
graph represents data from a s eparate aliquot of the same sample. Inverse 
isochron graphs can be used for recognizing excess argon because they do not 
assume a t rapped 40Ar/36Ar ratio of 295.5 (atmospheric argon composition), 
unlike step-heating spectra  (Kuiper, 2002). 
In this study each data point on an i nverse isochron graph represents 
single grains of the same mineral from one sample. If there was no excess 40Ar 
present in a sample then the y-intercept (36Ar/40Ar) should occur at the value of 
atmospheric argon (~0.0034, which is the inverse of 295.5). However, if there is 
excess 40Ar present, then the y-intercept will plot below 0.0034 (Fig. 3.2A).   
In the case of argon loss (Fig. 3.2B) it is assumed that the argon isotopes 
do not fractionate as they diffuse out of a mineral, meaning that the 36Ar/40Ar ratio 
will remain unchanged during argon loss and the 39Ar/40Ar ratio will increase 
since 39Ar was created from 40K during irradiation in the lab and it will not change. 
This will lead to all data points shifting to the right. If argon loss was not complete 
then the data will probably not plot on a line and (if they do) the inverse isochron 
age may represent a scientifically insignificant value which lies somewhere 
between the end of the argon loss event and t he cooling event on t he x-axis 
(Kuiper, 2002). 
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Step-heating graphs 
Step-heating graphs, known as age spectra, represent the 40Ar/39Ar 
apparent age vs. the cumulative percentage of 39Ar released.  If a sample has a 
completely flat spectrum (Fig. 3.3A) then it can be as sumed that it didn’t 
incorporate excess argon, it remained a closed system and it has not been 
disturbed since crystallization.  There are two main reasons why an ag e 
spectrum of a h ornblende sample may not yield a perfect plateau (McDougall 
and Harrison, 1999). First, hornblendes from metamorphic terranes have been 
shown to incorporate excess argon (40ArE) in their mineral lattice. In hornblendes 
40ArE tends to be situated at grain margins, showing up early (the first 39Ar 
released upon heating) in an age spectrum (Fig. 3.3B; McDougall and Harrison, 
1999). Second, most systems tend to be an open (complex) system in which 
there is loss of some of the radiogenic argon (40Ar*).  This 40Ar* loss can occur by 
mineral recrystallization or by volume diffusion. An age “plateau” is defined as a 
well-defined high furnace temperature plateau for more than 50% of the 39Ar 
released (McDougall and Harrison, 1999). 
 
MSWD 
Errors 
 MSWD, or mean square of weighted deviates, is commonly used in 
geochronology in order to assess the “goodness of fit” of multiple data from one 
sample to a single age. The MSWD values for age for this study were calculated  
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by Dr. William Olszewski using the ArArCalc program. These values were 
calculated for 10 measurements (each measurement was composed of 1-3 
grains) of each mineral measured from each sample. 
MSWD values in this study are used to determine whether all data are 
measuring the same mean value. An MSWD that is much less than 1 means that 
more than one line can be fit through the data. If the value of MSWD greatly 
exceeds 1 then a linear relationship between the data does not exist (Wendt and 
Carl, 1991). The acceptable range of an MSWD for 40Ar/39Ar geochronology falls 
between the range of 0.17 and 2.5 (McDougall and Harrison, 1999). There are 
cases in this study where MSWD values exceed 2.5, and further consideration 
was necessary to determine the usefulness of the calculated ages. This will be 
visited in the results section of this study. 
 
 
B. METHODOLOGY 
 
I. Sample Selection 
 
Samples ER1, ER2, ER3, ER4, ER8, ER20, and 25.1 were collected 
during 2007 and 2008. The Nashoba Formation schist samples (NFS-1 and 
MLBS-1; Fig. 3.4) were collected by Andrew Kay and MaryEllen Loan for their 
respective Masters theses. Detailed sample location descriptions can be found in 
Appendix II.  
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Hornblende, muscovite and biotite were dated because they are abundant 
throughout the study area. Also, micas commonly have little initial argon, 
because argon is fairly incompatible with mica in the mica-water system and will 
partition strongly into the fluid phase (Mulch and Cosca, 2004). This means that 
the largest contribution of 40Ar in micas will be from decay of 40K and t hat the 
excess argon contribution from water will be i nsignificant compared to the 
radiogenic concentration. Although K-feldspar is also common in samples from 
this study it was not dated, partially due to budget constraints. 
Hornblende was dated since its higher closure temperature would allow 
for a calculation of the cooling rate in the Nashoba terrane when compared with 
ages of minerals with lower closure temperatures (i.e. biotite and muscovite). The 
hornblende was first dated using the total-fusion method, but multiple grains had  
excess argon. Therefore, hornblende was also dated using the furnace step-
heating method. 
 
II. Sample Preparation 
 
Samples were crushed using a hand held pestle and mortar. Next, they 
were rinsed through a 50 μm screen with alcohol to remove particles that were 
too small to use for dating. The removal of these small particles made the hand 
separation of the discrete mineral phases to be dated more efficient. The rinsed 
sample was then placed into a large Petri dish and was dried under a heating 
lamp.  
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Once the crushed sample was dry, it was placed under a microscope and 
the minerals to be dated were selected using tweezers. Minerals with little to no 
inclusions (Fig. 3.5A) and without other attached minerals (Fig. 3.5B) were 
selected for analysis (Fig. 3.5C). Roughly 100-300 grains were picked for each 
mineral sample.  Minerals were not separated by grain size in order to analyze  
various grain size fractions as there was no way to determine if smaller grain 
sizes were simply pieces from larger grains that had been crushed. 
Each mineral sample had to be thoroughly cleaned with acid to dissolve 
any possible minerals or alteration products attached to it. An ultrasonic cleaner 
was used for all steps of the cleaning process. All minerals were placed in 
disposable polypropylene beakers with enough 10% nitric acid to cover all 
minerals. The nitric acid dissolves the sulfates and carbonates that could 
possibly be attached to the mineral grains. The samples were left in this solution 
in the ultra-sonic cleaner for 1-2 hours. The nitric acid was then carefully poured 
into a waste container. The samples were immediately rinsed three times with 
deionized water, and then three times with spectral analyzed methanol.  
After the samples had dried from the nitric acid rinse, a 6% hydrofluoric 
acid solution was added to the polypropylene beakers. The minerals were left in 
this solution for only 5 minutes in the ultra-sonic cleaner. Chlorite and zeolites are 
dissolved before silicates, but hydrofluoric acid does eventually dissolve silicates. 
After 5 minutes the hydrofluoric acid was poured into a waste container and the  
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samples were once again rinsed with deionized water three times and spectral 
analyzed methanol three times.  
The mica and hornblende samples were packaged up in aluminum 
capsules approximately the size of a pencil eraser at MIT. These capsules were 
carefully constructed from aluminum foil using tweezers. Each sample required 
1-3 capsules depending on the amount of sample that had been picked. These 
capsules were loaded and closed using tweezers and a small metal spatula. It 
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was vital that none of the capsules “leaked”, which was not a simple task 
considering the fragility of aluminum foil. At times the samples had to be “double-
packed” in additional tin foil if they appeared to have a tear. Each capsule was 
weighed before and after the sample was added so that the sample weight could 
be attained. Once all of the capsules were loaded they were placed in a g lass 
tube along with monitoring packages. The distance of each sample from the 
bottom of the tube was measured in order to allow the J-value for each sample to 
be accurately calculated later. This glass tube was then sent to the McMaster 
nuclear reactor where it was placed in the nuclear reactor for irradiation for ~30 
hours. 
After the samples had “cooled down” and were no longer radioactive the 
packages were opened. A 100-hole planchette to hold the samples was cleaned 
with compressed air. Next, 1-3 grains were placed into each planchette hole 
using tweezers. Each mineral type for each sample filled one row of the 
planchette (i.e. 10-30 grains in 10 hol es per mineral type per sample). This 
planchette was then loaded into the UV-laser compartment and was ready to be 
analyzed. 
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Chapter 4. METAMORPHISM AND DEFORMATION 
 
A. PETROLOGY 
 
All thin sections were cut perpendicular to the foliation and parallel to the 
lineation. 
 
I. Nashoba Formation schists 
 
Two schists were collected from the Nashoba Formation (MLBS-1 and 
NFS-1 in Fig. 3.4). NFS-1 contains sillimanite, muscovite, fibrolite, plagioclase, 
garnet, quartz, and bi otite (Table 4.1) and it has a silvery sheen due to the 
presence of fibrolite (Fig. 4.1A).  NFS-1 weathers to a r usty orange color in 
places, suggesting that it is a sulfidic schist (Fig. 4.1A and B). Large grains of 
biotite and garnet are visible to the naked eye (Fig. 4.1B). 
MLBS-1 appears rusty brown in hand s ample and is more friable than 
NFS-1 (Fig. 4.1C). It contains fibrolite, garnet, sillimanite, quartz, muscovite, and 
biotite (Table 4.1). Both samples have abundant opaque minerals, such as 
possible arsenopyrite (based on its crystallography and color in reflected light), 
and sericitization, suggesting the samples experienced hydrothermal alteration 
(Fig. 4.1 D). Both Nashoba Formation schists had large garnet porphyroblasts up 
to 1.0 cm in diameter (Fig. 4.1E).  
At least two generations of biotite growth were apparent in both samples: 
(1) earlier grains that composed the S-C fabric, and (2) late “fish-scale” grains 
that cross-cut the foliation.  
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II. Nashoba Formation amphibolite 
 
 The Nashoba Formation amphibolite (ER1 in Fig. 3.4) was sampled 
immediately east of the TBS. In the field it appears light to dark gray (Fig. 4.2A) 
with hornblende and biotite visible to the naked eye in hand sample. Large grains 
of hornblende reach a m aximum diameter of 3.0 mm. The main fabric is 
composed of K-spar, muscovite (var. sericite), quartz, biotite, plagioclase, and 
hornblende (Table 4.1; Fig. 4.2B & C). A large percentage of the plagioclase is 
altered to sericite (Fig. 4.2D), either by hydrothermal alteration or retrograde 
metamorphism. The plagioclase has an An36-38, andesine, indicative of 
amphibolite facies metamorphism. 
 
III. Northwest member of TBS 
 
 Two samples of the northwest member of the TBS were collected (ER4 
and ER8; Fig. 3.4). It is a dark gray to rusty-orange phyllite with quartz bands that 
range in thickness from 10-50 cm (Fig. 4.3A; Fig. 4.3D). Rusty weathering is 
apparent in the field and in thin section and the rock is extremely friable in hand 
sample. Overall, the northwest member of the TBS is composed of biotite, 
plagioclase, chlorite, muscovite and quartz (Table 4.1). Shear bands composed 
of muscovite were observed in thin section (Fig. 4.3B). Only one sample showed 
any evidence of porphyroblasts, consisting of a few grains of andalusite that were 
~5.0 mm in width (Table 4.1; Fig. 4.3C). 
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Sericitization is apparent in one o f the thin sections (Fig. 4.3E). This sample 
exceeded biotite-grade metamorphism because andalusite is present. The 
samples are much finer-grained than the central member of TBS. 
 
 
IV. Central member of TBS 
 
 One sample of the central member of the Tadmuck Brook Schist was 
collected (25.1; Fig. 3.4). This member is more schistose in nature than the 
northwest member (which is phyllitic) and displays brown to rusty-orange 
weathering in hand sample. It is less weathered than the northwest member. 
Large knots of resistant andalusite were observed to protrude from more easily 
weathered elements of the schist (Fig. 4.4A). It is composed largely of 
andalusite, chlorite, biotite, quartz, staurolite and m uscovite (Table 4.1). 
Porphyroblasts of andalusite, quartz, biotite and staurolite are as large as 1.2 cm 
(Fig. 4.4B). Some of the biotite, of which at least two generations were observed, 
is being replaced by chlorite (Fig. 4.4 C). Localized randomly-oriented sericite is 
evidence of a possible late hydrothermal event (Fig. 4.4D).  
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V. Southeast member of the TBS 
 
 Two samples (ER2 and ER3) of the southeast member of the Tadmuck 
Brook Schist were collected (Fig. 3.4). In the field the unit is dark orange to 
brown and very friable with rusty weathering (Fig. 4.5A). It has a silvery sheen 
due to the presence of fibrolite (Fig. 4.5B). Fresh samples were less friable and 
weathering coloration was more orange than brown. The samples are composed 
of staurolite, andalusite, sillimanite, fibrolite, quartz, biotite and muscovite (Table 
4.1). Andalusite and staurolite were relict grains. Porphyroblasts of muscovite 
were observed up t o 5.0 mm in diameter.  Two generations of muscovite are 
evident: (1) an early generation of groundmass muscovite composing sinistral 
shear bands throughout the member (Fig. 4.5C), and (2) a l ater generation of 
muscovite porphyroblasts cross-cutting the main fabric (Fig. 4.5D & E). Quartz-
rich layers reached thicknesses of 3-150 mm (Fig. 4.5F). Some plagioclase 
(An28, oligoclase) shows evidence of sericitization (Fig. 4.5G). 
 
 
VI. Ball Hill mylonite zone 
 
 One sample of an unnamed mylonitic biotite-quartz-plagioclase gneiss 
was collected from the Ball Hill mylonite zone on Smith Road in Northborough 
(ER20; Fig. 3.4). The outcrop varies in color from white to light gray and has 
been glacially polished (Fig. 4.6A). The sample is composed of garnet, 
muscovite, plagioclase, K-spar, biotite and quartz (Table 4.1). Sinistrally rotated  
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porphyroblasts of K-spar and plagioclase remain and are as large as 9.0 mm. 
Both feldspars have undergone sericitization (Fig. 4.6B). 
 
 
VII. Interpretation of petrology 
 
The observed mineral assemblages were compiled (Table 4.2) and plotted 
on a petrographic grid for metapelites (Fig. 4.7). Although all four assemblages 
could fit on one P-T-t path, they are interpreted as four separate events because 
of (1) overprinting textural relations of the mineral assemblages from this study, 
and (2) geochronology suggesting M2, M3, and M4 were separate metamorphic 
events occurring over ~100 Myr (Stroud et al., 2009). This interpretation agrees 
with previous metamorphic studies done in the Nashoba terrane (Bober, 1990; 
Jerden, 1997; Markwort, 2007; Munn, 1987). 
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The M1 mineral assemblage (biotite-andalusite and biotite-andalusite- 
staurolite) was observed in all members of the Tadmuck Brook Schist (TBS) 
(Table 4.2). M1 is best preserved in the central member of the TBS because it is 
unaffected by pervasive overprinting seen in the southeast member of the TBS. 
M1 was also observed by Jerden (1997) and Munn (1987) in the TBS. Whether 
M1 affected the Ball Hill mylonite or the Nashoba Formation is unclear because 
andalusite and staurolite are not observed. The P-T conditions of this event in the 
study area are constrained by the absence of garnet and chloritoid. These 
constraints suggest the temperature ranged from 430-510 °C and the pressure 
was 1-3 kilobars (Fig. 4.7). It is the highest grade of metamorphism that the 
northwest and c entral members of TBS experienced as these units were not 
exposed to the high grade metamorphism of M2 and M3 (See metamorphic 
isograd; App. IIID). It is important to note that since Markwort (2007) and Stroud 
et al. (2009) considered the Tadmuck Brook Schist to be part of the Merrimack 
terrane they did not include M1 among metamorphic events that affected the 
Nashoba terrane. 
The M2 mineral assemblage (M1 of Markwort, 2007; Stroud et al., 2009) is 
biotite-fibrolite (Table 4.2). M2 is observed in the southeast member of the TBS 
and the Nashoba Formation. This assemblage was also observed by Abu-
Moustafa and Skehan (1976), Bober (1990), Jerden (1997), and Markwort 
(2007). In the southeast member of TBS the biotite ± fibrolite assemblage 
overprints the M1 assemblage. The P-T conditions are constrained by the 
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presence of fibrolite and biotite and t he absence of staurolite and K-spar. The 
petrological constraints suggest the temperature ranged from 600-650 °C and the 
pressure was 2-4 kilobars (Fig. 4.7). The abrupt dissipation of the M2 mineral 
assemblage as the boundary between the southeast and central members of 
TBS is crossed (see metamorphic isograd; App. IIID) suggests M2 was related to 
contact metamorphism. The thermal source of M2 may have been located to the 
east of the TBS. 
The M3 mineral assemblage (M2 of Markwort, 2007; Stroud et al., 2009) is 
K-spar-biotite (in rocks with an i gneous protolith) and sillimanite-biotite (in 
metapelites). M3 is observed in the southeast member of TBS, Ball Hill mylonite, 
and the Nashoba Formation. This metamorphic event is interpreted to have 
occurred after M2 because sillimanite overgrows D1 fabrics in some instances 
(postdates local deformation), while all fibrolite is sheared (see Chapter 6 f or 
further discussion). The interpretation of sillimanite growth after fibrolite was also 
observed by Markwort (2007). Melting was not observed in any samples 
collected for this study, therefore the granite wet solidus was not surpassed. 
However, it is worth noting that partial melting did occur in the Nashoba 
Formation, east of the study area, suggesting that peak M3 metamorphism 
reached higher temperatures there (Fig. 4.8; Jerden, 1997; Markwort, 2007; 
Munn, 1987). Petrological constraints suggest M3 ranged from ~610-660 °C and 
~2.5-4.5 kilobars (Fig. 4.7). 
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The M4 mineral assemblage (M3 of Markwort, 2007; Stroud et al., 2009) 
was muscovite-chlorite in all members of the TBS and muscovite in the Ball Hill 
mylonite zone and Nashoba Formation (Fig. 4.6). M4 is constrained to 370-400 
°C and 1.0-2.5 kilobars (Fig. 4.7) and is interpreted to be a retrograde event. It 
was also observed by Jerden (1997) and Munn (1987) in the TBS. This event 
seems to have occurred entirely post-deformation because muscovite and 
chlorite are randomly oriented and cut across the foliation throughout the field 
area. Geochronology suggests there may have been different events in the north 
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and south sections of the field area that led to this mineral growth (see Chapter 
6). 
 
B. STRUCTURAL GEOLOGY 
 
 
I. Nashoba Formation schists 
No structural mapping was performed in this study on the Nashoba 
Formation schists. The Nashoba Formation schist samples were collected by 
MaryEllen Loan a nd Andrew Kay during the summers of 2008 and 2009. 
Geologic mapping performed by Markwort (2007) showed the foliations of NFS-1 
as dipping ~30º to the northwest and the lineations as plunging shallowly to the 
northeast. The main foliation of MLBS-1 is composed of biotite, muscovite, and 
quartz. The main foliation of NFS-1 is composed of biotite and quartz.   
 
II. Nashoba Formation amphibolite 
The foliation in the Nashoba Formation amphibolite dips 70-80° to the 
northwest (Fig. 4.9A; App. IIIA) and the amphibolite contains north-northeast sub-
horizontal lineations which are composed of biotite (Fig. 4.9A; Fig. 4.10A; 
App.IIIB). The main foliation is composed of biotite and hornblende (Fig. 4.10B).  
A weak sinistral shear sense was observed in the field in discrete shear bands.  
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III. Northwest member of the TBS 
In the field and in thin section a normal top-to-the-west shear sense was 
observed in the northwest member of the TBS (Fig. 4.10C). This was not 
observed elsewhere in this study. The foliation of the northwest member of the 
TBS dips 45-70° to the northwest (Fig. 4.9B; App. IIIA). This member has 
lineations composed of muscovite that plunge 40-60° to the west (App. IIIB). The 
main foliation is composed of muscovite, biotite, and quartz. Isoclinal folds were 
observed plunging shallowly to the northeast (Fig. 4.9B). 
 
IV. Central member of the TBS 
The foliation of the central member of the Tadmuck Brook Schist dips 30-
85° with west to northwest dip directions (Fig. 4.9C; App. IIIA). The variation in 
foliations may be du e to minor faults near where measurements were made. 
Lineations plunge 1-20° to the north (App. IIIB). The main S-C fabric is composed 
of muscovite and it has a sinistral shear sense. The axes of isoclinal folds were 
observed plunging shallowly to the northeast in the field. 
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V. Southeast member of the TBS 
A sinistral shear sense was observed in mica fish (Fig. 4.5C) and the main 
S-C fabric in the southeast member of the TBS. The foliation dips 70-80° to the 
northwest and h as sub-horizontal lineations composed of muscovite and 
sillimanite that trend north-northeast (Fig. 4.9D; Fig. 4.10D; App. IIIA; App. IIIB). 
Isoclinal folds were observed plunging shallowly northeast. 
 
VI. Ball Hill mylonite zone 
The Ball Hill mylonite zone has foliations which dip 60-85° to the northwest 
(Fig. 4.9E; App. IIIA). Rotated delta clasts on the horizontal surface at sample 
ER20 showed an oblique sinistral shear sense (Fig. 4.10E; App. IIIC).  
 
VII. Interpretation of deformation history 
 Structural observations from this study suggest that units in the field area 
were deformed by at least two major events. The origin of the observed isoclinal 
folds is unclear, but it is interpreted that they (1) were pre-existing and w ere 
modified during shearing or (2) formed during the shearing events described 
below. 
The first major deformation event (D1) tilted the foliation (S1) so that it is 
now dipping 40-80° to the northwest. Because changes in lithology are 
subparallel to S1 it is likely that S1 is also subparallel to the original bedding plane 
(S0). Observed shear zones and sinistral S-C fabric were entirely coplanar with 
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S1. Therefore, it is interpreted that this sinistral shear also occurred 
penecontemporaneously with the formation of S1, during D1. The shear indicators 
for this high-grade shear event include (1) a sinistral S-C fabric (Fig. 4.5C) 
associated with subhorizontal lineations composed of biotite and biotite-
sillimanite (App. IIIB; Fig. 4.10A & D), and (2) counter-clockwise rotated delta 
clasts in the Ball Hill mylonite zone (Fig. 4.10E). The sinistral shear event is 
observed in all units studied except the northwest member of TBS, where 
shearing may be overprinted by D2. 
The second deformation event (D2) was only observed in the northwest 
member of the TBS, found in the footwall of the Clinton-Newbury fault. D2 is 
characterized by a low-grade, normal top-to-the-west shear sense (App. IIIC). 
The shear sense indicators include a normal shear fabric (Fig. 4.10C) associated 
with west-plunging lineations composed of muscovite and minor biotite. The 
normal shear sense was previously observed along the Clinton-Newbury fault by 
Goldstein (1994) and Jerden (1997). 
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Chapter 5. 40Ar/39Ar GEOCHRONOLOGY DATA 
 
Both inverse isochrons and age probability plots are provided for each 
sample, along with a graph of the total-fusion ages for easier reference of the 
relative errors of each data point. In the inverse isochron figures the purple line is 
the line for the age that is calculated assuming all non-radiogenic argon has 
atmospheric composition. The pink lines have been fit through the raw data. The 
ages in parts B-D of the figures were calculated assuming that all non-radiogenic 
Ar was of atmospheric composition. The probability diagrams do not include data 
that was removed due to excess or lost radiogenic argon. 
 
 
A. 40Ar/39Ar Data 
 
I. Nashoba Formation schist 
 
Both biotite and muscovite were dated from MBLS-1, a schist from the 
Nashoba Formation. 
 One date was eliminated from the final analysis for MLBS-1 muscovite. 
Grain #10 had a 2σ error that was larger than the age itself (227 ± 456 Ma; Fig. 
5.1A & 5.1B). The data intercepts with the value of atmospheric argon on the y-
axis suggesting that these grains did not include any inherited argon. The inverse 
isochron gives an age of 257 ± 14 Ma with an acceptable MSWD of 0.49 (Fig. 
5.1A).  
MBLS-1 – Muscovite 
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All dates were included in the final analyses for MLBS-1 biotite (Fig. 5.2B). 
The y-intercept of the inverse isochron suggests that there may be s ome 
inherited argon in these samples (Fig. 5.2A); however the range of possible ages 
on the x-axis (between the age corrected for atmospheric argon and that given 
by the samples) is very small. The inverse isochron gives an age of 305 ± 7 Ma. 
Although this sample has inherited argon and a high MSWD (17.11) it is included 
in the final analysis since there is a very small range in possible ages for this 
sample.  
MBLS-1 – Biotite 
Date #9 was eliminated from the final analysis of NSF-1 biotite due to the 
fact that its age is much too old for this field area, possibly because of excess 
argon (Fig. 5.3B). The y-intercept of the inverse isochron suggests that there 
may be a large amount of inherited argon in this sample (Fig. 5.3A). Due to the 
fact that this sample has inherited argon and because it has a high MSWD 
(>100) it is not included in the final analysis in the discussion. 
NSF-1 – Biotite 
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II. Nashoba Formation amphibolite 
 
Both biotite and hor nblende were dated from the amphibolite at the 
western boundary of the Nashoba Formation. 
 
The hornblendes were first dated using the single grain total-fusion 
method, yielding an inverse isochron age of 432 ± 34 Ma (Fig. 5.4A); however, 
there were two grains (#6 and #7) that were found to be 465 Ma old and it was 
apparent on the inverse isochron diagram that they had inherited excess argon 
(Figure 5.4A). The four eliminated ages all have significantly high 38Ar values 
when compared to the other 6 ages from this set (see full data in Appendix I). 
38Ar forms from the decay of 38Cl, suggesting that chlorine is present in these 
grains, which is an i ssue because 36Cl decays to 36Ar quickly after irradiation 
(within months-years) and can result in errors of up to 5% in the calculated 
40Ar/39Ar ages (McDougall and Harrison, 1999).   
ER1 – Hornblende 
In order to better identify inherited argon the hornblende sample was then 
analyzed using the furnace step-heating method. Measurements were made at 
19 steps which increased from 800 °C to 1350 °C. 10 of these steps yielded a 
plateau age (since they occur at high temperature and account for ~90% of the 
39Ar released) of 376 ± 9 Ma (Fig. 5.5).  
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Two dates were eliminated from the final analysis (#4 and #8; Fig. 5.6B). 
These dates were eliminated for relatively low K/Ca ratios (compared to the eight 
other dates that contributed to this age; Appendix I), which is an issue because 
calcium can produce significant amounts of 36Ar and 39Ar. The other data 
intercepts the y-axis at the value of atmospheric argon on the inverse isochron, 
suggesting that there was no inherited argon (Fig. 5.6A). The inverse isochron 
gives an age of 330 ± 7 Ma with an acceptable MSWD of 0.26.  
ER1 – Biotite 
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III. Northwest member of the Tadmuck Brook Schist 
  
Grain #6 was eliminated due to the fact that it had a very large 2σ error 
(±455 Ma; Fig. 5.7B). The remaining 9 data points are all clustered near the x-
axis of the inverse isochron. This suggests that there is little trapped/excess 
argon in this sample. The inverse isochron graph gave an age of 302 ± 5 Ma 
(Fig. 5.7A). Despite its high MSWD (27.82), this sample is included in further 
analysis in the discussion because the clustering of the data points near the x-
axis suggests that there was little to no excess argon in the dated grains. 
ER4 – Muscovite 
 
All dated grains were included in the final analysis (Fig. 5.8B). The y-
intercept of the inverse isochron graph is below the atmospheric argon 
composition, meaning that there may be some excess argon, however there are 
no data points close to the left side of the inverse isochron to ascertain this (Fig. 
5.8A). The 10 data points are all clustered near the x-axis of the inverse 
isochron; therefore it is believed that this date is reliable. The inverse isochron 
graph of muscovite for ER8 gave an age of 267 ± 8 Ma (Fig. 5.8A). Despite its 
high MSWD (14.26), this sample is included in further analysis in the discussion. 
ER8 – Muscovite 
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IV. Central member of the Tadmuck Brook Schist 
Date #2 was eliminated because it has an unexpectedly young age and 
has an error larger than the age itself (88 ± 335 Ma; Fig. 5.9B). On the inverse 
isochron graph the data intercepts the y-axis at the value of atmospheric argon 
(Fig. 5.9A), suggesting that there was no inherited argon. The inverse isochron 
gives an age of 268 ± 6 Ma with an acceptable MSWD of 0.64 (Fig. 5.9A).  
25.1- Biotite 
 
No dates were eliminated from the final analysis (Fig. 5.10B). The y-
intercept of the data on the inverse isochron diagram (Fig. 5.10A) is below the 
value of atmospheric argon suggesting that the sample had excess argon. The 
inverse isochron graph gave an age of 256 ± 5 Ma with an MSWD of 26.01 (Fig. 
5.10A); however, there is a l arge amount of discrepancy between the x-axis 
intercepts of the line that passes through the data (272 Ma) and the line for the 
age that is calculated assuming all non-radiogenic argon has atmospheric 
composition (256 Ma). Because of this discrepancy, this age will not be used 
further in the discussion.   
25.1- Muscovite 
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V. Southeast member of the Tadmuck Brook Schist 
Muscovite was dated from two samples collected from the high grade 
member of the TBS. Both gave normal isochron ages of ~315 Ma.  
 
One date (#1) was eliminated from the final analysis due to the fact that it 
seemed to have lost a large amount of argon and gave a negative date (Fig. 5.11 
B). The data plots on a line that intercepts the y-intercept only slightly above the 
value of atmospheric argon (Fig. 5.11A). The remaining 9 data points all cluster 
at the same point along the x-axis suggesting that there was a low component of 
non-radiogenic argon in these samples. The inverse isochron graph of muscovite 
for ER2 gave an ag e of 316 ± 6 Ma with an acceptable MSWD of 0.49 (Fig. 
5.11A).  
ER2 – Muscovite 
 
Date #3 w as eliminated from the final analysis due t o the fact that it 
seemed to have excess argon and a relatively high 38Ar (Fig. 5.12A; Appendix I). 
The data plots on a line that intercepts the y-intercept just slightly below the value 
of atmospheric argon (Fig. 5.12A).  The inverse isochron graph of muscovite for 
ER3 gave an age of 314 ± 5 Ma with an MSWD of 0.47 (Fig. 5.12A). 
ER3 – Muscovite 
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VI. Ball Hill mylonite zone 
No ages were eliminated from the final analysis (Fig. 5.13B). The data 
plots on a line that intercepts the y-axis below the value of atmospheric argon, 
likely due t o excess argon in some of the grains (Fig. 5.13A). The inverse 
isochron graph gave an age of 260 ± 7 Ma with an MSWD of 27.52 (Fig. 5.13A); 
however, there is a small age discrepancy between the line that passes through 
the raw data (267 Ma) and the line that assumes that all non-radiogenic argon 
has atmospheric composition (260 Ma). Because of the high MSWD, this age will 
not be used further in the discussion.   
ER20 – Biotite 
 
No ages were eliminated from the final analysis (Fig. 5.14B). The data 
plots on a line that intercepts the y-axis above the value of atmospheric argon, 
most likely due to the fact that the data is clustered so closely together, which 
makes it difficult to get a c onstraint on the isochron (Fig. 5.14A). The inverse 
isochron graph of muscovite for ER20 gave an ag e of 294 ± 6 Ma with an 
acceptable MSWD of 3.50 (Fig. 5.14A). The 10 data points all cluster at the same 
point along the x-axis suggesting that there was no excess argon in these 
samples.  
ER20 – Muscovite 
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Chapter 6. DISCUSSION 
A. Final 40Ar/39Ar ages for study 
Thirteen mineral separates were dated from nine different samples. Out of 
the thirteen dates obtained through 40Ar/39Ar dating, ten were suitable to be 
included in the final analysis (Fig. 6.1). The dates range from 376 ± 9 Ma to 257 
± 14 Ma. These dates have been divided into three different age populations 
(Table 6.1). 
The oldest population (376-330 Ma) consists of the biotite and hornblende 
dates from the Nashoba Formation amphibolite. The assumption is made here 
that these two dates are related to cooling from the same event, for reasons 
described below. The remaining eight younger dates were plotted on a t-T graph 
(Fig. 6.2), revealing two additional discrete age populations: (1) ~300 Ma and (2) 
~267 Ma. 
 
I. Age population I: 376-330 Ma  
Age population I was only observed in the Nashoba Formation 
amphibolite, located in the northern half of field area (Fig. 6.1; Table 6.1). The 
population includes a biotite date of 330 ± 7 Ma and an amphibolite date of 376 ± 
9 Ma. Although the biotite date is nearly within error of age population II, very 
little biotite was observed cross-cutting the foliation in ER1 (Chapter 4), a texture 
more pervasive in the samples dating age population II. 
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Biotite in the Nashoba Formation amphibolite grew during M2 and M3. 
According to Stroud et al. (2009), M3 (M2 in their study) is related to a 
migmatization event in the Nashoba terrane. Based on observed mineral 
assemblages, M3 reached a peak temperature of 610-660 °C in the study area 
(Fig. 4.7). This peak temperature would have reset any biotite ages related to M2.  
The biotite and hornblende ages were plotted on a t-T graph (Fig. 6.3) with 
the U/Pb monazite age of the migmatization event (Stroud et al., 2009). A cooling 
trend from the peak of metamorphism through the hornblende and biotite closure 
temperatures is observed (Fig. 6.3). This gives a cooling rate of ~8 °C/Myr for 
390-376 Ma and ~4 °C/Ma for 376-330 Ma. These cooling rates are consistent 
with those from Wintsch et al. (1992) for the same time period in the Putnam 
terrane (3.5 °C/Myr; Fig. 1.1).  
 
II. Age population II: ~300 Ma 
The northwest member of the Tadmuck Brook Schist (TBS) was 
unaffected by the sillimanite-grade metamorphic events (M2 and M3). Therefore, 
it is unlikely that dates from this member represent cooling from M3.  
The muscovite-chlorite mineral assemblage (M4) is predominant in the 
northwest member of TBS. Both samples from the northwest member of the TBS  
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examined for this study also have normal shear bands, composed of muscovite, 
with a west-side-down shear sense. Muscovite was dated in these samples. 
  Ductile shearing can occur at temperatures as low as ~350 °C (Passchier 
and Trouw, 1996). Because there is no ev idence of late metamorphism above 
chlorite-muscovite grade in the northwest member of TBS, it is unlikely that 
ductile deformation occurred at temperatures much above 350 °C. The closure 
temperature of muscovite is 350 ± 50 °C, so the muscovite date of 302 ± 5 Ma 
(ER4) could represent either (1) new muscovite growth, or (2) resetting of 
40Ar/39Ar age of muscovite only slightly above its closure temperature. Therefore, 
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this date is interpreted as the age of normal movement along the Clinton-
Newbury fault.  
Retrograde metamorphism (M4) in the Nashoba terrane east of the TBS, 
was possibly related to discrete hydrothermal events that took place from 360-
305 Ma at temperatures as low as 400 °C (Stroud et al., 2009). These localized 
events were strongest in areas adjacent to shear zones (Markwort, 2007). The 
Ball Hill mylonite zone (294 ± 6 Ma; ER20), Nashoba Formation schist (MLBS-1; 
305 ± 7 Ma) and southeast member of the TBS (ER2 and ER3; 314 ± 5 Ma and 
316 ± 6 Ma) are all significantly sheared. These samples contain minerals such 
as arsenopyrite and sericite, products of hydrothermal alteration. Therefore, 
these ages are interpreted as cooling ages from late hydrothermal events. It is 
also worth noting that a c alc-silicate from the Nashoba Formation collected 
immediately adjacent to MLBS-1 yielded a few possible hydrothermal zircons 
(due to their appearance) and unexpectedly young ages of ~310 Ma (Loan, 
2011). It is possible that this zircon age represents an actual age of hydrothermal 
alteration in the Nashoba terrane. 
 
III. Age population III: ~267 Ma 
Age population III (267 - 257 Ma) was observed in three samples: (1) 
muscovite in the northwest member of the TBS (ER8; 267 ± 8 Ma) (2) biotite in 
the central member of the TBS (25.1; 268 ± 6 Ma) (3) muscovite in the Nashoba 
Formation schist (MLBS-1; 257 ± 14 M a). The samples were collected in the 
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southern half of the field area (Fig. 6.1). The first two were within 0.5 km of the 
Clinton-Newbury fault. Two possible explanations for these dates are: (1) a 
thermal pulse from the Alleghanian orogeny to the south, or (2) related to 
emplacement of the Rocky Pond Granite. 
Zartman (1970) hypothesized that Permian K-Ar ages in New England are 
related to a thermal pulse from to the south (See Chapter 2-C). If this is true, late 
Permian to early Triassic ages should be seen south of the study area. However, 
Wintsch, et al., 1992 found 40Ar/39Ar ages of 352-331 Ma in the Putnam terrane 
west of the Clinton-Newbury fault (Fig. 1.1), suggesting age population III was a 
localized resetting event. Because there is a 20 k m gap between the northern 
and southern samples in this study it is difficult to discern how localized this 
Permian event was in the Nashoba terrane. Although the dates were discarded 
because they had high MSWDs, it is worth mentioning that the central member of 
TBS (25.1; muscovite) and the Ball Hill mylonite zone (ER20; biotite) also have 
~267 Ma dates. 
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B. SYNTHESIS OF EVENTS 
I. Ordovician through Silurian  
A minimum age of deposition for the Tadmuck Brook Schist is given by 
U/Pb detrital zircon ages of 450-440 Ma from the Tadmuck Brook Schist and 
Nashoba Formation (Fig. 6.4; Loan, 2011). At this time the final stages of the 
Taconic orogeny were occurring as the leading edge of Ganderia was being 
accreted to Laurentia (van Staal et al., 2009).     
 M1 (biotite-andalusite-staurolite and biotite-andalusite) assemblages were 
only observed in the Tadmuck Brook Schist. M1 is interpreted as forming pre-
tectonically or during the D1 deformation, in agreement with previous studies of 
the TBS (Jerden, 1997). Jerden (1997) hypothesized that this mineral 
assemblage formed during nearly isobaric heating of the ambient crust, but at 
present the source of heating is unclear. Timing of M1 is constrained by the 
deposition of the Tadmuck Brook Schist in the early Silurian (Loan, 2011) and M2 
in the late Silurian (~435-400 Ma; M1 in Stroud et al., 2009).  
 M2, defined by fibrolite-biotite, occurred ~435-400 Ma (M1 in Stroud et al., 
2009). Stroud et al. (2009) believe M2 was related to a thermal overprint from I-
type plutons emplaced within the Nashoba terrane. If so, it is likely that these 
plutons signal the start of subduction of the ocean slab between Ganderia and 
Avalon. M2 must have occurred before D1 because fibrolite has been sinistrally 
sheared in the southeastern member of TBS (Fig. 6.5). 
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II. Devonian to Mississippian 
D1 sub-horizontal lineations are composed of the M3 mineral assemblage 
(K-spar-biotite and sillimanite-biotite). D1 ductile deformation began ~376 Ma 
(Markwort, 2007). M3 metamorphism must have continued for a short period after 
D1 because some M3 sillimanite was observed cross-cutting the sinistrally 
sheared S-C fabric associated with D1 in some thin sections (Fig. 6.5). The 
hornblende age from the Nashoba Formation amphibolite suggests that 
sillimanite would not be s table much later than 376 ± 9 Ma, which is 
approximately the time that ductile deformation was occurring, further 
strengthening the interpretation that although M3 continued after D1, it could not 
have been for a long period of time.  
Peak M3 conditions occurred ~395 Ma (Hepburn et al., 1995), producing 
associated anatexis believed to be related to the collision of Avalon with 
Nashoba (Stroud et al., 2009). M3 was marked by widespread migmatization 
throughout the Nashoba terrane. This study suggests cooling from M3 continued 
through ~330 Ma at ~325 ± 25 °C based on hornblende and biotite ages from the 
Nashoba amphibolite (Fig. 6.3). Calculated cooling rates from this event (slopes 
in Fig. 6.3; ~8 °C/Myr from 395-376 Ma; ~4 °C/Myr from 376-330 Ma) are similar 
to those observed by Wintsch et al. (1992) for the same time period in the 
Putnam terrane (south of the Nashoba terrane).  
Previous 40Ar/39Ar hornblende ages from the eastern part of the Nashoba 
terrane (354-325 Ma; Hepburn et al., 1987b) are younger than the one 
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hornblende age from this study (~376 Ma). One possible explanation of this 
disagreement in ages is that the eastern part of the Nashoba terrane reached a 
higher peak temperature during M3. Therefore, it took longer to cool to the 
hornblende closure temperature (~500 °C). This interpretation is supported by 
the fact that melting was not observed in the field area, but was elsewhere in the 
Nashoba Formation (Fig. 4.8), and previous metamorphic studies in the Nashoba 
terrane suggest higher P-T conditions during this migmatization event (Stroud et 
al., 2009). 
 
III. Pennsylvanian through early Permian 
This time period is characterized by at least two separate events ~300 Ma. 
The first event is related to discrete hydrothermal events seen in the southeast 
part of the field area. The second event is related to D2 deformation (west-side-
down normal movement) in the western part of the field area.  
The normal movement on the Clinton-Newbury fault had been previously 
recognized by Goldstein (1994). This study suggests that normal movement 
occurred ~300 Ma. Because similar normal movement cross-cut the 
Carboniferous age rocks of the Narragansett Basin in the Avalon terrane (Fig. 
1.1), Goldstein (1994) believed that normal movement on the Clinton-Newbury 
fault occurred after the Carboniferous, in general agreement with this study. 
There is evidence that fault reactivation in southeastern New England was also 
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occurring along the Bloody Bluff fault, Lake Char-Honey Hill fault, and Wekepeke 
fault at this time. 
 
It has been suggested that normal movement may have occurred along 
the southern part of the Bloody Bluff fault (Fig. 6.6) with top-to-the-south 
displacement during the Mesozoic (Goldstein and H epburn, 1999; Hepburn, 
2008). This led to opening of the Carboniferous-aged Narragansett Basin, which 
constrains the timing of the normal movement along the Bloody Bluff fault (Fig. 
1.1; Goldstein and Hepburn, 1999).  
Bloody Bluff fault 
Normal movement was also observed on the Lake Char-Honey Hill fault 
system in Connecticut (Fig. 6.6; Goldstein, 1989). Normal movement here must 
have occurred after ~320 Ma because the normal shear sense cross-cuts a 
Pennsylvanian-aged gneissic fabric (Getty and Gromet, 1992).  
 
Samples from the Worcester Formation collected along the Wekepeke 
fault in the western part of the Merrimack were dated to~300 Ma (Attenoukon, 
2009). The muscovite may have grown during fault reactivation. 
Wekepeke fault 
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As noted previously, normal fault reactivation ~300 Ma was widespread in 
southeastern New England. It has previously been i nterpreted that late normal 
fault motion seen throughout southeastern New England could be r elated to 
orogenic collapse and not to widespread unrelated fault reactivation (Goldstein, 
1994). Ages from this study from the northwest member of the Tadmuck Brook 
Schist, in the footwall of the Clinton-Newbury fault, constrain the age of normal 
movement to ~300 Ma, in agreement with the timing of orogenic collapse 
hypothesized by prior research (Goldstein, 1994). 
Orogenic collapse hypothesis 
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IV. Late Permian 
Age population III, ~267 Ma, is predominant in samples from the 
southwestern section of the field area. All of these samples are located within 2 
km of the Rocky Pond Granite and most are immediately east of it. Because the 
samples from age population III are proximal to the Rocky Pond Granite, these 
ages may be related to emplacement of the granite. The granite has not been 
successfully dated, so all theories are purely speculative at this time, especially 
since similar peraluminous granites (i.e., Andover Granite; Fig. 2.1) formed as 
early as the Late Ordovician (Zartman and Naylor, 1984). 
The Rocky Pond Granite is a peraluminous (S-type) granite that formed 
from partial melting of sediments (Zartman and Naylor, 1984). According to 
Winter (2001), S-type granites can form during orogenic collapse from 
decompression melting. The Rocky Pond Granite could have been emplaced 
during possible orogenic collapse at ~300 Ma. Water saturated granitic melt has 
a minimum melting temperature of ~650 °C. Assuming the Rocky Pond Granite 
was emplaced at the time of normal fault movement (~300 Ma), this gives a 
cooling rate of ~10 °C/Myr until the closure temperature of muscovite (350 ± 50 
°C) was reached at ~267 Ma. Alternatively, as the Rocky Pond granite cooled it 
would have released water during crystallization. This fluid could have caused 
hydrothermal alteration of nearby units. It is possible that this hydrothermal 
alteration led to the resetting of ages ~267 Ma. 
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Chapter 7. CONCLUSIONS 
 
1. Four metamorphic events affected the field area. They are characterized by 
the following mineral assemblages: M1 (andalusite-biotite and andalusite-
staurolite-biotite), M2 (fibrolite-biotite), M3 (K-spar-biotite and sillimanite-biotite), 
and M4 (muscovite and chlorite-muscovite). 
 
2. Two deformation events were identified. D1 is characterized by the formation of 
a northwest-dipping foliation and a s inistral S-C fabric. D2 is characterized by a 
west-side-down normal shear sense in the northwest member of the Tadmuck 
Brook Schist in the footwall of the Clinton-Newbury fault. 
 
3. Three 40Ar/39Ar age populations were identified in a geochronology study of 
the Nashoba Formation, Tadmuck Brook Schist, and Ball Hill mylonite zone. The 
age populations are 376-330 Ma, 316-294 Ma, and 268-257 Ma. 
 
4. Age population I was observed in the Nashoba Formation amphibolite (ER1) 
and includes a total-fusion age of biotite (330 ± 7 Ma) and furnace step-heating 
age of hornblende (376 ± 9 M a). These ages may reflect cooling from a 
Devonian migmatization event (~395 Ma) in the Nashoba terrane defined by M3 
and D1.  
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5. 40Ar/39Ar ages of muscovite from the northwest member of the Tadmuck Brook 
Schist (ER4; 302 ± 5 Ma), southeast member of the Tadmuck Brook Schist (ER2 
and 3; 316 ± 6 Ma and 314 ± 5 Ma), and Ball Hill mylonite zone (ER20; 294 ± 6 
Ma), as well as biotite from the Nashoba Formation schist (MLBS-1; 305 ± 7 Ma), 
make up age population II. This age in the northwest member of the Tadmuck 
Brook Schist may be related to normal movement on the Clinton-Newbury fault. 
The remaining samples may have experienced hydrothermal alteration ~300 Ma.  
 
6. Age population III was observed in muscovite from the northwest member of 
the Tadmuck Brook Schist (ER8; 267 ± 8 Ma) and the Nashoba Formation schist 
(MLBS-1; 257 ± 14 Ma), as well as biotite from the central member of the 
Tadmuck Brook Schist (25.1; 268 ± 6 Ma). All of these samples were located in 
the southwest part of the field area. It is possible that these ages are related to 
emplacement of the Rocky Pond Granite, but this is purely speculative at this 
time. 
 
7. By 257 Ma the field area had cooled to 300-350 °C, the youngest age in this 
study. 
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